Abstract. Concentrations and fluxes of NO y (total reactive nitrogen), ozone concentrations and fluxes of sensible heat, water vapor and momentum were measured from May 1 to July 20, 1995 at Summit, Greenland. Median NO y concentrations declined from 947 ppt in May to 444 ppt by July. NO y fluxes were observed into and out of the snow, but the magnitudes were usually below 1µmol m -2 hr -1 because of the low HNO 3 concentration and weak turbulence over the snow surface. Some of the highest observed fluxes may be due to temporary storage by equilibrium sorption of PAN or other organic nitrogen species on ice surfaces in the upper snowpack. Sublimation of snow at the surface or during blowing snow events is associated with efflux of NO y from the snowpack. Because the NO y fluxes during summer at Summit are bi-directional and small in magnitude, the net result of turbulent NO y exchange is insignificant compared to the 2 µmol m -2 d -1 mean input from fresh snow during the summer months. If the arctic NO y reservoir is predominantly PAN (or compounds with similar properties) thermal dissociation of this NO y is sufficient to support the observed flux of nitrate in fresh snow. Very low HNO 3 concentrations in the surface layer (1% of total NO y ) reflect the poor ventilation of the surface layer over the snowpack combined with the relatively rapid uptake of HNO 3 by fog, falling snow, and direct deposition to the snowpack.
Index terms: 0365 (Tropospheric composition and chemistry), 1863 (Snow and ice)
Introduction
Concentration records of NO 3 -in snow and ice cores have been used to infer variations of atmospheric nitrogen loading and inputs from anthropogenic NO x emissions, biomass burning, solar activity, and stratospheric denitrification [Legrand and Delmas, 1986; Mayewski et al., 1990; Wolff, 1995] . Inferences from the ice-core nitrate record, however, have been called into question because the chemical and physical processes controlling transport and speciation of N in the atmosphere, deposition to snow, and ultimate preservation in glacial ice are not fully understood [Wolff, 1995] . Our ability to invert the icecore nitrate record to infer global atmospheric nitrogen concentrations and emission rates depends on a quantitative understanding of which nitrogen species are transported to the arctic; what processes control conversion and deposition of N; and how extensively postdepositional processes alter the record. The lifetimes for NO y species (we define NO x = NO +NO 2 ; NO y = NO x + HNO 3 + NO 3 + N 2 O 5 + peroxyacetylnitrate (PAN) + other organic nitrates + particulate nitrate) vary from a few days to deposit HNO 3 from the boundary layer to several months to decompose peroxyacetylnitrate (PAN) in the upper troposphere. The amount of NO y that reaches the polar regions depends strongly on the form of NO y that is transported, but the long-lived species, such as PAN, that are transported effectively may not deposit efficiently. Dibb et al., [1994] point out the dilemma that HNO 3 concentrations measured above Summit, Greenland are very low yet NO 3 -is the dominant anion in the snow. Furthermore, the ratio of NO 3 -to SO 4 2-in snow at
Summit exceeds the ratio of those ions (as HNO 3 and aerosol SO 4 2-) in air. They suggest that rapid dry deposition of HNO 3 from a shallow boundary layer depletes the gas-phase HNO 3 or that species other than HNO 3 are deposited and convert to nitrate in the snowpack. Concentration profiles in the surface snow from Antarctica and Greenland indicate that NO 3 -may migrate within the snowpack (distorting seasonal and interannual variations) or be returned to the atmosphere [Fischer, et al., 1998a,b; Mayewski and Legrand, 1990; Mulvaney et al., 1998; Neubauer and Heumann, 1988] , particularly at lowaccumulation sites. Volatilization of HNO 3 from snow is in apparent contradiction to laboratory studies showing irreversible uptake of HNO 3 on ice surfaces [Abbatt, 1997; Laird and Sommerfeld, 1995; Zondlo et al., 1997] . Better understanding of the processes controlling HNO 3 removal is needed to objectively distinguish long-term trends in NO 3 -deposition [Mayewski et al., 1986; 1990 ] from post-depositional loss where both processes are important.
This paper presents results from the first measurements of total nitrogen oxides (NO y ) mixing ratios and eddy fluxes above the surface of a polar glacier at Summit, Greenland.
The goals of this work were to determine the ambient mixing ratios of NO y , to quantify the direction and magnitude of NO y fluxes at the snow-atmosphere interface, and identify processes that control exchange of reactive nitrogen with the snow surface. A previous paper [Dibb et al., 1998 ] presented a subset of the 1995 NO y data and HNO 3 concentration gradients above the snow surface. Nitric acid was 1% of the total NO y . Measurable gradients of HNO 3 were observed and were frequently in opposition to the NO y eddy flux, suggesting that N exchange with the snow was more complex than a simple adsorption/desorption of HNO 3 . Large apparent deposition velocities for HNO 3 suggest that NO y species other HNO 3 may be exchanging with the snowpack. In this paper we present the complete NO y concentration and flux results for the May-June, 1995 summer field sea-son, along with an examination of turbulent exchanges over the snowpack. We consider what nitrogen species are present, how they are transformed and deposited to the snowpack, and whether they are stable in the snow.
Methods
During and control systems were housed in a covered snow trench at the tower base. Ventilation at the trench ceiling was required to discharge waste heat from the instrumentation and prevent the walls from melting. The instrument rack was enclosed to maintain a moderate operating temperature despite the room temperature being < 0°C. Operating temperatures for the instrument were in fact more stable than is often achieved in field measurements. NO y was measured by catalysis on a heated gold surface with H 2 and O 3 -chemiluminescent detection following methods described by Bakwin et al. [1994] and Munger et al. [1996] . The hot-gold catalyst quantitatively converts all species of NO y to NO. The catalyst was mounted on the tower with no additional inlet to avoid inlet retention problems for species such as HNO 3 . The sample line was attached to a heating cable and sheathed in foam insulation to prevent ice formation downstream from the catalyst. The anemometer and concentration signals were recorded at 4 Hz and auxiliary data on pressures and flows used to calibrate the sensors were recorded at 0.5 Hz by a PC-based data acquisition and control system. The data were downloaded to a separate computer daily and processed to generate initial concentration, flux and quality assurance data. Air temperature was computed from the speed of sound reported by the sonic anemometer.
Fluxes of NO y , H 2 O, heat and momentum were calculated for 10-minute intervals from the covariance of fluctuations in vertical wind velocity (w') and trace-gas concentration (C'), temperature (T') or horizontal wind velocity (u') after removing the linear trend and offsetting the data to account for delays in the sample tubing [McMillen, 1988] .
Data-quality criteria. Because the source of contamination at Summit was so close to the sensor, data rejection based on wind sector alone may not be reliable, particularly when winds are light and variable. In order to objectively exclude periods with contami-nation from camp activities, the NO y mixing ratio data were rejected if the signal variance was too large. A few additional observations were rejected because the signal changed too much between successive intervals. (see Table 1 ). The computed eddy fluxes were rejected if rime ice was present or the wind was blowing through the tower. A small number of periods with in-sector winds and valid temperatures still had anomalous wind data and were rejected (Table 1) . Between May 1 and July 19, the data system was operational 82% of the time. The wind velocity and NO y mixing ratio data were acceptable for 66% and 60% of the time, respectively; the NO y fluxes were acceptable for 50% of the possible observations (Table 1) .
Results

Meteorological conditions
During the summer months the sun never sets at Summit; at the solstice, the noon sun is ≈ 41° above the horizon and the midnight sun is 5° above the horizon. Air temperatures exhibited diel variation in response to sun angle superimposed on seasonal and synoptic trends ( Figure 1 ). Tethered-balloon temperature soundings (not shown) revealed that a strong temperature inversion (temperature increases of up to 10°C) existed at or near (within tens of meters) of the surface on many days. Maximum temperatures during the measurement period never exceeded 0°C.
Except for wind storms on 10-11 June and 3-4 July the momentum flux was generally between 0 and -0.1 m 2 s -2 ; these low values demonstrate the weak turbulence above the cold, aerodynamically smooth snow surface (Figure 2 ). Grelle and Lindroth, [1996] 
NO y and O 3 Mixing ratios
The variance-based criteria used to reject periods of local contamination removes the high NO y concentration outliers from the data, leaving a population that fits a log-normal distribution ( Figure 3 ). From May 3, to July 19, 1995 NO y mixing ratios at Summit ranged from <100 ppt to 4900 ppt (ppt = 10 -12 mol NO y /mol air). Mixing ratios of NO y were highest in May ( Figure 4 ). Median mixing ratios decreased by a factor of 2 from May to July, and other statistical measures of the concentration distribution decreased similarly (Table 2) at Summit were only 5-15 ppb.
Fluxes
The NO y flux observations averaged over hourly intervals are about equally divided between periods of net deposition (F NO y <0) and net emission (F NO y >0) ( Figure 5 , Table 2 ). We estimate that the absolute value for the smallest observable flux (defined as twice the standard deviation during periods of very small flux) is 0.03 µmol m -2 hr -1 . The absolute values in general are small; 25% were below the 0.03 µmol m -2 hr -1 detection limit and only 10% exceeded 1 µmol m -2 hr -1 ( Figure 6 ). The frequency of fluxes with larger absolute value is highest in June. The NO y fluxes are generally weak in July, resulting in the minimum range between 10% and 90% quantiles. In comparison to NO y flux, snow deposition of NO 3 -averages 3.8 µmol m -2 per event [Bergin, et al., 1995] ; total snow deposition of NO 3 -for the period April 28-July 12, 1995 was 149 µmol m -2 (J.
Dibb unpublished data).
Discussion
Nature and Origin of NO y At Summit
Previous observations in the arctic show a seasonal spring peak in NO y concentration with peroxyacetylnitrate (PAN) being the dominant contributor to NO y [Bottenheim and Gallant, 1989; Bottenheim et al., 1993; Dickerson, 1985; Honrath and Jaffe, 1992; Honrath et al., 1996; Solberg et al., 1997] . Enhanced PAN background concentrations are also observed in the northern mid-latitudes during the winter months [Brice et al., 1988] . Aircraft measurements in the arctic during July and August indicate an increase of PAN concentrations with altitude Singh et al. [1992a,b] , see Table   3 ). At the end of winter, however, vertical profiles of NO y and PAN [reported by Honrath et al., 1996] show concentrations decreasing with altitude up to 6 km.
Results from a three-dimensional chemical transport model that includes a detailed chemical mechanism for reactive N (Table 4) predict that PAN is the dominant NO y species in the arctic middle troposphere. In the model, PAN over Summit is mostly derived from long-range transport in the free troposphere of PAN produced at northern mid-latitudes from anthropogenic NO x. Even a small yield of PAN can lead to a substantial accumulation during the winter and early spring because the lifetime is very long. Emissions from forest and tundra fires during summer may contribute to additional PAN at high latitudes [Singh et al., 1992a] . The spring maximum in the model most likely results from a combination of high emissions of biogenic hydrocarbons (precursors of PAN) and relatively low temperatures (suppressing PAN decomposition) [Liang et al., 1998 ]. Because natural sources of NO x (soils, lightning, forest fires) are at a minimum in winter, the NO y peak in spring is most likely of anthropogenic origin. Simulated PAN concentrations exceed 500 ppt in April and decline to levels < 200 ppt by July. A vertical gradient of increasing PAN concentrations with altitude develops over the summer, reflecting the dominance of high-altitude transport of pollution as was observed in the ABLE-3A aircraft mission over the Arctic . The NO y observations from this study (Table 2 ) exceed the model predictions by a factor of 2-4, but show similar trends. The median NO y concentration observed at Summit during July (444 ppt) is within the range of NO y concentrations measured in the free troposphere during ABLE-3A, and a factor of 2 higher than the corresponding PAN concentration (see Table 3 ). Concentrations of NO y and PAN at Spitsbergen [Solberg et al., 1997] (elev. 474 m) exhibit the same decreasing trend from spring to summer as we observed at Summit, but the concentrations are about a factor of 5 less, which might result from differences in elevation. The results of this and previous studies taken together with the model predictions point to the accumulation of a reactive N reservoir during winter and spring in the arctic. The dominant identified species is PAN [Singh et al., 1992b] , but other compounds such as alkyl nitrates are also present at small concentrations [Muthuramu et al., 1994] . The NO y concentrations measured during ABLE3A were a factor of 2 higher than the sum concurrently measured concentrations of NO x , PAN, and HNO 3 , and issues about measurement artifacts [Bradshaw et al., 1998 ] or unidentified species have not been resolved. As temperatures in the middle and lower troposphere warm, PAN (and other organic nitrogen species) thermally decomposes and the resulting NO 2 is quickly converted to HNO 3 [Fan et al., 1994] . The reservoir concentration declines over summer through reaction and dilution by mixing with NO y -depleted air.
We next examine whether the distinct episodes of elevated mixing ratio lasting for hours at a time ( Figure 4 ) can be attributed to specific sources or transport patterns. The magnitude of these episodes decreases from May to July. Analysis of isentropic back trajectories indicates that about 50% of the air parcels arriving at Summit during the MayJuly, 1995 period had passed over northern Canada or the Arctic Ocean within the previous 5 days [Kahl et al., 1997] [Dibb, 1990] . The same process of intermittent vertical mixing could dominate the variability in the NO y data at Summit.
Factors Contributing to NO y Flux
Storage The vertical flux of NO y measured at 18m (F 18 ) is equal to the flux at the snow surface, F 0, plus any change in concentration (storage) in the 0-18m column,
where C(z) is the number density of NO y at height z, and h = 18 m. Because snow is porous the lower boundary should be below the surface, but we ignore this contribution because only the upper 0.1 to 1 m is rapidly ventilated [Colbeck, 1989; Waddington et al., 1996] , and air space in the snowpack is reduced by the volume of ice. We estimate the magnitude of the storage term by assuming a uniform concentration below the sensor.
For the range of observed hourly concentration changes the storage term would be between -1 and 1.5 µmol m -2 hr -1 ; 50% of the data, however, have an absolute value < 0.05 µmol m -2 hr -1 . Although the storage term can have a large magnitude at times, the surface exchange, F 0 is not consistently different from the flux at 18 m. More importantly, the storage term does not bias the results; the least-squares fit of F 0 vs. F 18 has a slope of 0.99
and an intercept not different from 0.
HNO 3 Uptake Laboratory studies [Abbatt, 1997; Laird and Sommerfeld, 1995; Zondlo et al., 1997] show very efficient uptake of HNO 3 by ice up to monolayer cover-age. Slower adsorption corresponding to formation of a multilayer or surface rearrangement is observed as well. Diffusion of HNO 3 through ice crystals is discounted by Sommerfeld et al., [1998] , however. Adsorption of a HNO 3 monolayer is largely irreversible [Abbatt, 1997; Laird and Sommerfeld, 1995; Zondlo et al., 1997] . The capacity for monolayer HNO 3 adsorption is weakly temperature dependent and decreases by only a factor of 4 as temperature increases from 208K to 248K [Abbatt, 1997] . As seen below this apparent contradiction between laboratory measurements of HNO 3 adsorption and HNO 3 volatilization in the field can be reconciled by considering the surface-to-volume relationship of ice grains and the temperature dependence of HNO 3 uptake.
Sommerfeld et al., [1998] report that HNO 3 will be predominantly on the surface of ice grains. The concentration (mol g -1 ) and surface density (mol cm -2 ) of HNO 3 for an ice grain are related by the S/V ratio, and density of ice. As snow ages its S/V ratio decreases from > 100 mm -1 for new snow, to <5 mm -1 for fully developed depth hoar in summer (B.
Davis, CRREL, personal communication) [Davis et al., 1996] For the mean snow concentration of 3 nmol g -1 [Dibb et al., 1998 ] the surface coverage increases from 0.016 x 10 14 molecules cm -2 to 0.33 x10 14 molec. cm -2 and the concentration corresponding to the monolayer uptake at 248 K (0.7 x 10 14 molec cm -2 ) [Abbatt 1997 ] decreases from 130 nmol g -1 to 6 nmol g -1 .as the snow ages. New snow has a capacity for HNO 3 adsorption well in excess of the observed ambient concentrations, but older coarse-grained snow approaches the monolayer adsorption limit (for ice at 248K), and may exceed that threshold if the HNO 3 uptake coefficient is even smaller at the warmer temperatures in the summer snowpack. Temperature profiles in the snow can be complex and vary over diel and seasonal timescales. Ice evaporates in the warmer layers and the vapor is either redeposited in colder layers or escapes entirely [Davis et al., 1996] . The fate of HNO 3 liberated from evaporated ice grains depends on whether the vapor encounters other ice surfaces or is quickly ventilated to the surrounding air. Snow metamorphism could redistribute HNO 3 within the snowpack and modify seasonal layers. This mechanism could account for the large enhancement of NO 3 -in the surface snow and the damping of seasonal cycles in older snow [Fischer and Wagenbach, 1996; Mulvaney et al., 1998 ]. Increasing NO 3 -inventories of surface snow layers over the course of several days that have been interpreted as evidence of dry deposition [Bergin et al., 1995; Dibb et al., 1998 ] may actually be redeposition of HNO 3 migrating from deeper layers. Evaporation at the surface of the snowpack, or sublimation from blowing snow [Pomeroy and Jones, 1996] , however, would release HNO 3 to the atmosphere (see section 4.3). The extent of NO 3 -loss from the snowpack would depend on the length of time a layer was near the surface where it is subject to thermal gradients and ventilation and on the frequency of high winds.
PAN adsorption. Laboratory measurements (R. Friedl, JPL, personal communication)
indicate that PAN is reversibly adsorbed on ice at 193 °K and shows no evidence of chemical reaction. The adsorption coefficient, K ads , is K ads = 30 cm (defined as the ratio of PAN adsorbed (molecules cm -2 ) to the concentration in the overlying air (molecules cm -3 )). For our application the mass of adsorbed PAN in a volume of snow is determined by the gas-phase concentration, adsorption constant and the bulk surface area of the snow.
The unadsorbed PAN in the pore space is the gas-phase concentration adjusted for the volume of snowpack filled by ice. Hence the ratio of adsorbed PAN to gaseous PAN in a volume of snow is given by;
where C is the gas-phase concentration (molecule cm -3 ), SV is the bulk surface area of the snowpack (typically 30 mm -1 for wind-packed surface snow [Davis et al., 1996] (B.
Davis, CRREL, unpublished data)), ρ s is the bulk density of snow (typically 0.4 g cm -3 for wind-packed surface snow [Davis et al., 1996] (B. Davis, CRREL, unpublished data)), and ρ i is the density of ice (0.9 g cm -3 ). For the conditions given, which correspond to layer of small, closely packed grains, adsorbed PAN exceeds PAN in the pores by a factor of 16000. For the snow morphology given above and the adsorption coefficient determined at 193 °K a 1 cm layer of snow would hold 2.85 nmol of PAN per m 2 at equilibrium with a 1 ppt gas-phase concentration. Temporal variations in NO y concentration range from -400 ppt hr -1 to 400 ppt hr -1 (90% of data), which translates to fluxes of -1.1µmol m -2 hr -1 to 1.1µmol m -2 hr -1 if ventilation of the snowpack and PAN equilibration at the ice surfaces are rapid and all NO y is (or behaves like) PAN. This range is comparable to the measured fluxes, however, it is probably an overestimate because concentration changes in the snowpack may be damped relative to variations in the overlying air and the adsorption coefficient for PAN at temperatures relevant for Summit is probably less than the value for 193°K. This analysis suggests however, that the porous snowpack provides a mechanism to at least temporarily sequester a relatively large mass of PAN. Adsorption and desorption of PAN in response to changes in ambient concentration provides a mechanism to explain NO y eddy fluxes that are in opposition to observed HNO 3 concentration gradients [Dibb et al., 1998 ]. The NO y flux measurement would not distinguish uptake and release of PAN from PAN conversion and release as a different compound (e.g. NO x ). The adsorption constant and reactivity for PAN on ice at temperatures relevant to polar snow needs to be determined. As pointed out by Dibb et al., [1998] , conversion of only a small fraction of the NO y passing through the snow could be a large term in the snow nitrate budget.
Illustrative Case Studies
The processes of HNO 3 and PAN adsorption noted above suggest there should be correlation between NO y fluxes and physical parameters such as temperature, evaporation rate or changes in ambient concentration. Loss of HNO 3 by sublimation of blowing snow [Pomeroy and Jones, 1996 ] Several hours of NO y uptake, with a peak of 1 µmol m -2 hr -1 is associated with a 1500 ppt increase in NO y concentration on July 1 (Figure 9 ). Consistent small NO y efflux is observed from mid-morning on July 1 to the night of July 2 that is again associated with high wind speed, warmer temperatures, increasing water vapor concentrations, and low ambient NO y concentration, suggesting evaporation of snow along into a relatively clean well mixed surface layer. A short pulse of NO y deposition occurs on July 3 along with rising NO y concentration that suggests surface adsorption. The temperature is colder during this period than during the NO y concentration increase on 1 July and the surface snow has been densely packed by the wind storm on the previous day. In addition, the slight positive heat flux may enhance vertical mixing and entrainment of air that has a higher proportion of HNO 3 .
Nitrate scavenging by snow. In this section we consider whether the levels of nitrate observed in snow at Summit are consistent with the NO y concentrations and fluxes.
Based on the recent laboratory investigations of HNO 3 adsorption and evaluation of HNO 3 uptake by cirrus clouds [Abbatt, 1997; Zondlo et al., 1997] (see 4.2) we expect that HNO 3 is completely scavenged by the ice surface during formation of clouds and snowflakes. Even if a quasi-liquid layer [Conklin and Bales, 1993] were present HNO 3 uptake would be efficient because of its high solubility and dissociation constants. Although some PAN could adsorb on the fresh snowflakes, the surface area of ice in the cloud is too small for this process to significantly alter the gas-phase concentrations. The final concentration of NO 3 -in fresh snow depends on the initial concentration of HNO 3 in the air and the mass of water that freezes, which can be computed from the temperatures before and after cloud formation. This mechanism differs from the co-deposition process considered by Silvente and Legrand [1995] because all the HNO 3 present in an air parcel is partitioned into the small fraction of water vapor that freezes. For an HNO 3 concentration of 6 ppt, cooling saturated air from -12 °C to -12.5°C is sufficient to produce nitrate concentrations of 3.5 nmol g -1 in snow (Figure 10 ). Even the low HNO 3 observed in the surface layer could account the mean NO 3 -concentrations in fresh snow, without any additional input from dry deposition.
Budget considerations.
We next evaluate whether an NO y reservoir composed of PAN, can account for the observed total deposition of NO 3 -during summer. The lifetime
(1/k) for PAN decomposition below -10° C exceeds 4 weeks, (decay rate ≤ 4% d -1 ) but it decreases rapidly to 3 days as temperature warms above 0° C (decay rate ≥ 31% d -1 ) [Roberts and Bertman, 1992] . The lifetime for OH oxidation of NO 2 to HNO 3 at pressure and temperature of Summit and an OH concentration of 1x 10 6 molecule cm -3 is 1 day.
Fan et al. [1994] conclude that PAN is extensively decomposed and converted to HNO 3 in subsiding air parcels. Using mid-day mean air temperatures measured at the surface, the monthly median NO y concentrations (assuming that NO y is PAN), and temperature coefficients for PAN decomposition from Roberts and Bertman [1992] we compute a maximum source of NO x from PAN of 13 ppt d Nevertheless, the calculation demonstrates that production of HNO 3 from PAN can potentially account for the NO 3 -deposited in snow. As noted in section 4.1, PAN transport and thermal decomposition account for HNO 3 concentrations of 80-90 ppt just above the surface layer. The seasonal pattern for PAN decomposition is consistent with the observed summertime peak in snow NO 3 - [Davidson et al., 1989; Whitlow et al.,1992] despite the decline in ambient concentrations over the summer.
Our observations of small offsetting fluxes of NO y from the snowpack are consistent with the observations by Bergin et al. [1995] that measured inputs in fresh snow and fog accounted for 99% of the NO 3 -present in the snowpack at the end of the season, leaving little room for significant dry deposition or revolatilization of HNO 3 . Although the flux observations from Summit do not indicate consistent revolatilization of HNO 3 during the summer leading to a net loss of nitrate from the snowpack they do not address redistribution of NO 3 -within the snow or losses in other seasons or at other sites.
Conclusions
The concentration of NO y at Summit, Greenland declined over the summer from a median of 950 ppt in May to 440 ppt in July. Nitric acid in the surface layer was typically only 1% of the observed NO y . Predictions based on current understanding of reactive N chemistry indicate that PAN should accumulate in early spring in the arctic troposphere.
Thermal decomposition rates for PAN as temperatures warm in the summer are adequate to supply fresh NO x that is oxidized to HNO 3 and scavenged by fresh snow. Variations in the ice-core nitrate record should be interpreted with respect to variations in the longrange transport of PAN to the Arctic, which depends on the supply of precursor hydrocarbons, photochemical activity, temperatures, as well as variations in NO x emissions.
The turbulent fluxes of NO y at Summit were bi-directional, but the magnitudes were small. Most of the time NO y fluxes were < 1 µmol m -2 hr -1 . Neither emission or dry deposition dominated the NO y flux and the overall net exchange was insignificant compared to the flux of NO 3 -via snow deposition, which contributed 149 µmol m -2 over 75 days. Water vapor concentrations were close to the saturation vapor pressure and responded quickly to variations in temperature, which demonstrates that the boundary layer is shallow and infrequently mixed with the overlying atmosphere. Even the very small HNO 3 deposition that we observed at Summit can account for the small HNO 3 concentrations if the limiting process is entrainment of HNO 3 from aloft. If the process that limits HNO 3 dry deposition is its entrainment from aloft the small fluxes that we observed would be sufficient to maintain very low concentrations in the surface layer.
Pulses of NO y exchange into and out of the snow that follow ambient concentration changes suggest that reversible adsorption of compounds such as PAN on the ice surfaces may temporarily store reactive N in the snowpack. However, we cannot rule out adsorption of one species followed by conversion and release as a different compound. Upward fluxes of NO y and H 2 O during high wind events point to sublimation as a mechanism for releasing NO 3 -from the snowpack. Nitric acid is tightly bound to ice surfaces up to a monolayer coverage, but may be liberated as the snow ages and the individual grains increase in size. Once liberated, this HNO 3 may redeposit on fine-grained layers near the surface or be lost from the snowpack if it is released near the surface and is quickly ventilated. The tendency for NO y efflux during windy periods that evaporate the snow indicates that post-depositional losses of NO 3 -from the snowpack could be more important in drier or windier seasons and sites. concentration of 0.27 nmol m -3 (6ppt) [Dibb et al., 1998 ] is plotted on the vertical axis against the saturation temperature on the horizontal axis. The symbols indicate different temperature differences associated with snow formation. The ice formed by cooling saturated air 0.5C to -12 C would have a nitrate concentration of 3.5 nmol g -1 . The dashed horizontal line shows the mean nitrate concentration in snow [Dibb et al., 1998 ]. Singh et al., [1992a] . 4 Gregory et al., [1992] . Figure 10. The concentration of NO 3 -in increases as temperature decreases because cold air holds less water. Nitrate concentration in snow that formed with an ambient HNO 3 concentration of 0.27 nmol m -3 (6ppt) [Dibb et al., 1998 ] is plotted on the vertical axis against the saturation temperature on the horizontal axis. The symbols indicate different temperature differences associated with snow formation. The ice formed by cooling saturated air 0.5C to -12 C would have a nitrate concentration of 3.5 nmol g -1 . The dashed horizontal line shows the mean nitrate concentration in snow [Dibb et al., 1998 ].].
